Abstract: Lateral-torsional buckling (LTB) and flange local buckling (FLB) are treated as two independent phenomena in AISC-LRFD 360-10 in which the flexural capacity of locally buckled beams is determined as the minimum value obtained for the limit states of LTB and FLB. A 3-D nonlinear finite-element model using ABAQUS is developed in this research to investigate the interactive flexural capacity of steel I-beams with compact web under moment gradient. It was found that the AISC approach is adequate for beams with compact or noncompact sections, however, too conservative for beams with slender flanges representing a considerable interaction between LTB and FLB limit states.
INTRODUCTION
Lateral-torsional buckling (LTB) is a global buckling mode in which the in-plane deflection of a laterally unbraced beam changes to a mixed lateral deflection and twisting. According to the AISC-LRFD 360 [1] , the nominal elastic LTB moment capacity of I-beams under moment gradient (nonuniform bending) is given by:
M n( LTB) = F cr S x (1) where (3) and C b is the equivalent uniform moment factor that accounts for the effect of moment gradient on the nominal critical moment capacity. The equivalent uniform moment factor for a concentrated loading at shear center is 1.35 as given in AISC-LRFD 360 [1] .
For a beam that buckles inelastically, AISC-LRFD 360 [1] gives a linear transition equation from the end of the elastic region to the beginning of the plastic region. The basic assumption of the transition equation is that the beam crosssection is a compact section which can reach its plastic moment capacity (M p ) for L b L p with no local buckling. For compact sections, the plastic moment resistance takes place prior to the occurrence of local buckling in their constituent plates. However, for noncompact and slender I-beam sections (having either flanges or web with high slenderness), flange local buckling (FLB) or web local buckling (WLB) takes place prior to the attainment of their in-plane plastic moment capacity.
The nominal moment resistance for I-beam sections with noncompact or slender flanges is estimated as the minimum value of the independently estimated LTB and FLB moment capacities as per the Specification AISC-LRFD 360 [1] . In other words, the interaction between FLB and LTB is neglected in the AISC-360 provisions for all ranges of local and global buckling slendernesses. The elastic moment capacity of laterally supported sections with slender flanges is determined as follows (AISC-LRFD 360 [1] ):
In which f , S x are the compression flange local slenderness and the elastic section modulus, respectively, and parameter k c is computed as 4 / h / t w . Similar to the approach adopted for inelastic LTB capacity prediction, AISC-LRFD 360 [1] gives a linear transition equation between plastic moment and reduced yield moment due to the presence of residual stresses (i.e. M r = S x (F y -F r ) = 0.7M y ) to estimate the moment capacity of laterally supported sections with noncompact flanges as follows:
There are few laboratory tests [2] [3] [4] and numerical studies on the lateral-torsional buckling of steel beams with locally buckled compression flanges. Wang et al. [5] investigated the lateral-torsional buckling of locally buckled Ibeams using a FEA and the Winter's effective width con-cept. They found that locally buckled beams have a considerable post-local-buckling resistance; however, this may not be fully attained due to the occurrence of global LTB in the post-local-buckling range for beams with intermediate beams [5] . Bradford and Hancock [6] developed a nonlinear finite strip method (FSM) as an alternative to the Winter effective width [7] formula of a locally buckled beam to determine the strength of the beam to LTB phenomenon. They found that there is no significant interaction between local and global buckling modes for sections with thick flanges and thin webs, even though the Winter effective width calculation shows that there will be an interaction [6] . Bradford [8] studied the local buckling behavior of I-section beam-columns using a FSM and obtained the graphs of the FLB coefficient considering interactive flange-web buckling modes. White and Kim [9] state that assuming the FLB coefficient of k c =0.76 in the AISC-LRFD formula (i.e. Eq. 4) is sufficient to consider the LTB and FLB as two separate phenomena with no interaction. Although LTB and FLB phenomena are treated separately in AISC-LRFD 360 [1] with no interaction, however, Mohebkhah and Chegeni [10] showed that for beams with slender flanges under pure bending, as the ratio M n(LTB) /M n(FLB) becomes more than one, there would be an interaction between FLB and LTB limit states and the AISC-LRFD buckling moment prediction is too conservative. Kwon and Seo [4] conducted some experiments on welded H-section beams undergoing local buckling and lateraltorsional buckling simultaneously. They concluded that local buckling prior to the LTB, has a significant post-localbuckling strength reserve, however, reduces flexural moment capacity to some extent. Furthermore, Kwon and Seo [4] proposed a simple flexural strength formula for the direct strength method (DSM) design of welded sections under pure bending to account for the interaction between local and lateral-torsional buckling as follows:
0.816 (6) in which the slenderness parameter is defined as
Although there are many studies in the literature on local buckling of I-beams, the effect of FLB on the LTB resistance of I-beams with different unbraced lengths and flange slendernesses has not been studied under moment gradient. In this paper, the effects of unbraced length and FLB phenomenon on the global LTB moment resistance of steel I-beams are investigated under a central concentrated loading at shear center. To achieve this end, a 3-d FEM model based on software ABAQUS [11] is developed for the nonlinear buckling analysis of I-beams with a wide variety of local and global slendernesses. Then, the model is utilized to study the applicability of the AISC-LRFD method and DSM formula proposed by Kwon and Seo [4] in determining the moment capacity of locally buckled built-up steel I-beams with various flange slendernesses (having compact webs) and unbraced span-lengths.
MATERIALS AND METHODOLOGY
In this section a nonlinear finite element model is developed to simulate the inelastic LTB behavior of built-up Ibeams under moment gradient. The assumptions and specifications of the adopted modeling technique are described in the following subsections.
Modeling Assumptions and Material Properties
The built-up I-beams were modeled using the finite element software ABAQUS [11] . Two types of nonlinearities (i.e. material and geometric) are taken into account in ABAQUS [11] for the nonlinear finite element analysis of a given model. To include large displacement effects in the models, the nonlinear geometry option in ABAQUS [11] was utilized. For the numerical models the ABAQUS S4R element were used to represent the web, flanges and the end supports stiffeners. ABAQUS S4R element is a robust, general-purpose element that is suitable for a wide range of applications such as explicit simulation of buckling deformations and plasticity effects. The S4R element is a four-node element with six DOFs per node, 3 translational and 3 rotational.
Depending on the models' flange width and web height, the flanges were divided into four to eight elements across the width and 6 to 9 elements were used to model the web. The same material properties were used for the flanges and web of the models. To include the material nonlinearity effect, the ABAQUS metal plasticity model with kinematic hardening was utilized. This model uses the von Mises yield criterion and associated plastic flow theory. An elasticperfect plastic model based on a simplified bilinear stressstrain curve without strain hardening was assumed in the finiteelement model. The nominal yield stress, modulus of Elasticity and Poisson's ratio of 235 MPa, 200000 MPa and 0.3 were adopted, respectively. Residual stresses were not considered in this study.
Loads, Boundary Conditions and Solution Procedure
Simply supported built-up I-beams with different unbraced lengths and flange slendernesses are chosen under a central concentrated loading at shear center (nonuniform bending) in order to determine their moment capacities. According to the AISC-LRFD 360 [1] , compact and noncompact limits for flexural members' flange are taken as 0.38(E / F y ) 1 2 and 0.95
The nonlinear analysis solution was achieved using the Newton-Rhapson method in conjunction with the modified RIKS method and the large displacement theory. Geometric imperfections are also accounted for the analysis. To take into account geometric imperfections in the analysis, an Eigenvalue analysis is also utilized to obtain the mode shapes of the models under the applied loads. To have a suitable amplitude for the geometric imperfections, a scaling factor of L b /1000 was adopted. Then, the scaled buckled mode shape was added as an initial imperfection patter to the original geometry throughout the beam length.
FINITE ELEMENT MODEL VALIDATION
The validity of the modeling technique is verified in this part by numerical modeling of specimens tested by Kwon and Seo [4] . Kwon and Seo [4] performed some flexural tests on a series of welded H-sections fabricated from steel plates of thickness 6.0 mm. In the test program, two concentrated (knife-edge) loads were applied at approximately onethird points of top flange in vertical direction as shown in (Fig. 1) . The full geometry of the setup including flanges, webs and stiffeners was modeled. Fig. (1) . Loading scheme of slender specimens tested by Kwon and Seo [4] .
Among the tested specimens, specimens H350-600, H400-600 and H400-400 were modeled and analyzed using the developed FEM model in Sec. 2. The yield stress of the material was taken as 413.0MPa. Young's modulus and Poisson's ratio of 200 GPa and 0.3 were assumed. The critical buckling moment capacities of the specimens obtained from the experiments and the FE analysis are compared in ( Table 1) . As it is seen, there is a satisfactory accordance between the test buckling moments and the moments determined using the FEM. Numerically obtained failure mode of specimen H350-600 has been shown in (Fig. 2) which is in good agreement with the failure mode observed in the test.
PARAMETRIC STUDY
In this section using the validated FE model, a nonlinear buckling analysis is conducted to investigate the effects of FLB phenomenon on the LTB moment resistance of built-up I-beams under nonuniform bending (concentrated loading at midspan). To this end, a wide range of flange slendernesses was selected to investigate the abovementioed aim for both elastic and inelastic beams. All of the sections are considered to have compact webs. Therefore, the web height and thickness were kept equal to 300 mm and 10 mm respectively for all sections (i.e. compact webs) except just for one section. To perform a parametric study, 10 cross sections with different flange slendernesses were considered as shown in (Table 2) . For convenience, these models were assigned a specific symbol as Sm-n where m and n stand for the flange total width and thickness in mm, respectively. The web height and thickness of model S400-6 are equal to 400 mm and 10 mm, respectively.
In order to investigate the global LTB of locally buckled sections in different behavioral regions, the cross sections were analyzed with different span lengths (46 models). The interactive buckling moment resistances of the FEM models (Mn(FEM)) are given in (Table 2 ) along with the buckling moments determined by the AISC-LRFD provisions. As it was pointed out earlier, the AISC-LRFD moment resistance (M n(AISC) ) is estimated as the minimum of the LTB and FLB moment capacities In fact, the LTB and FLB limit states are treated as two independent phenomena. The original AIS-LRFD flange local buckling and lateral-torsional buckling moment capacities have been derived taking into account the effects of residual stresses. However, bacause of considering no residual stresses in the above finite element analyses; the AISC-LRFD FLB and LTB resistance formulas were computed with zero residual stresses to be compared with the corresponding FEM results. Furthermore, the dimensionless moment capacities of the cross sections calculated based on the DSM design formula proposed by Kwon and Seo [4] are given in (Table 2 ) to be compared with the FEM and AISC results. 
DISCUSSION OF THE RESULTS
As it is seen in Table 2 , for most of the cases with compact and noncompact sections, the moment capacities given by AISC-LRFD are approximately equal to the values predicted by the FEM. This indicates that the AISC approach to determine the moment capacity of locally buckled unbraced beams is adequate for design purposes and hence, the LTB and FLB limit states can be considered as two independent phenomena with no interaction for beams with compact or noncompact sections. The AISC-LRFD flange local buckling, lateral-torsional buckling and the FEM moment capacities for the noncompact section S200-6 with different spanlengths are shown in (Fig. 3) . It is seen that the FEM moment capacity of the beam can be estimated by the simple AISC approach with a maximum error of 5%. Fig. (3) . The AISC-LRFD FLB, LTB and FEM moment capacities for the noncompact section S200-6.
The AISC-LRFD FLB, LTB and FEM moment capacity predictions for the slender section S350-6 are illustrated in (Fig. 4) . In this case, contrary to the section S200-6, it can be seen that the AISC approach is too conservative for beams with slender flanges (underestimation up to 57% for section S400-6) due to ignoring the interaction between the FLB and LTB phenomena. Also, it can be seen that the FEM buckling moment capacity of the slender section does not depend on the unbraced length of the beams indicating the FLB mode as the governing failure mode. However, despite the identical governing failure modes predicted by both the FEM and AISC approaches, there is no agreement between their estimated moment capacities. The discrepancy between the FEM and AISC predictions for the slender sections can be due to the post-local-buckling reserve strength of compression flanges. This post-local-buckling resistance may be due to the redistribution of the flange bending compressive stresses over the flange effective width which has not been taken into account in the AISC FLB moment capacity formula (i.e. Eq. 5) derivation.
In order to compare the results of this study with the findings of the other researchers, the moment capacity of the sections was also estimated by the DSM design formula given by Kwon and Seo [4] as shown in Table 2 . Variation of estimated moment capacities of the sections by the AISC, FEM and Kwon's approaches is illustrated against the dimensionless slenderness parameter in (Fig. 5) . It can be observed that as the ratio Mn (LTB)/Mn(FLB) becomes larger than unity (i.e. the distance between the global and local buckling capacities becomes larger, >1.2), the AISC-LRFD buckling moment prediction is too conservative for slender beams with slender sections. However, the DSM design formula proposed by Kwon due to considering the FLB and LTB interaction presents an accurate estimation of locally buckled sections as a lower-bound to the FEM Fig. (4) . The AISC-LRFD FLB, LTB and FEM moment capacities for the sections S350-6. results. This shows the capability of Kwon's formula for flexural capacity of steel beams with slender sections under nonuniform bending.
CONCLUSIONS
This study deals with the inelastic LTB strength of different built-up steel beams (i.e. with compact, noncompact and slender sections) under moment gradient (i.e. concentrated load at shear center) using FEM. To this end, the interactive buckling resistance of elastic and inelastic steel Ibeams undergoing simultaneous LTB and FLB phenomena was taken into account. It was found that, the AISC-LRFD approach is applicable to steel beams with compact and noncompact sections indicating no interaction between the local and global buckling phenomena. However, the AISC approach is too conservative for beams with slender flanges due to ignoring the interaction between the FLB and LTB phenomena. The discrepancy between the FEM and AISC predictions for the slender sections is due to the post-localbuckling reserve strength of compression flanges which has not been considered in the AISC-LRFD flange local buckling moment capacity formula Furthermore, it was shown that the DSM design formula due to considering the FLB and LTB interaction and post-local-buckling of compression flanges, provides an accurate estimation of locally buckled sections' capacity under moment gradient as a lower-bound to the FEM. However, since the number of beams investigated in this study is limited, the results are not conclusive. Therefore, more numerical and experimental investigations should be conducted to prove the results.
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